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Models and Tests in Functional Morphology:
The Significance of Description and Integration1
DOMINIQUE G. HOMBERGER
Department of Zoology and Physiology, Louisiana State University,
Baton Rouge, Louisiana 70803
SYNOPSIS. Functional-anatomical work on complex structural systems is handicapped by
several difficulties: (1) Lack of established guidelines on how to select the structures that
are relevant for the intended study, (2) lack of methods to check the accuracy of the
description of a system's morphology, and (3) the need to integrate a large mass of results
obtained through a variety of approaches taken from different disciplines, such as anatomy,
physiology, physics, biochemistry, ecology and evolutionary biology. Suggestions to alle-
viate some of the problems include (1) to use information on the physiological and physical
properties of the tissues in a system and on biomechanical principles governing the inter-
actions among these tissues to help in the selection and checking process necessary during
the morphological description, (2) to construct a structural model of the system by con-
densing the morphological description, (3) to construct a functional model on the basis
of the structural model by using physiological, physical and biomechanical principles that
govern the functioning and interactions of the tissues and elements of the system, and (4)
to test the functional model through independent observations, experiments or natural
experiments {i.e., individual variations).
INTRODUCTION
One of the difficulties inherent in writ-
ing a treatise of a methodological or the-
oretical nature in functional morphology
is that a great variety of studies qualify as
functional morphological studies. Func-
tional morphological studies vary (1) in the
morphological complexity of the study
object (e.g., from studies of the bony skel-
eton to studies of highly complex systems
consisting of several different tissues), (2)
in the degree of detail of the morpholog-
ical description (e.g., from simple measure-
ments to highly detailed graphic and writ-
ten descriptions), (3) in the level of
morphological structure (e.g., from gross-
anatomical to ultrastructural levels), (4) in
the method of functional analysis (e.g., from
functional inference from structural
descriptions to highly sophisticated cine-
matographical and electrophysiological
observations), (5) in the number of species
considered (e.g., single species studies or
comparative studies), and (6) in the choice
of tests (e.g., through comparative studies
or through experimental techniques).
1 From the Symposium on Questions, Explanations,
Models, and Tests: The Interactions Between Hypotheses
and Empirical Observations presented at the Annual
Meeting of the American Society of Zoologists, 27-
30 December 1985, at Baltimore, Maryland
Yet, these studies do have things in com-
mon: (1) they deal with the relationships
between structural and functional aspects
of a biological system, and (2) they usually
construct models to explain functional
aspects of a biological system and suggest
tests for their results.
Models in functional morphology serve
to represent the observed reality in a sim-
plified way that lends itself more readily to
interpretation and explanation than would
the more complex reality. Tests, in turn,
are necessary to appraise the validity of the
models. When tests are suggested to eval-
uate models and interpretations in func-
tional morphological studies, one of the
most frequent approaches is to compare
the resulting models among various species.
But is it really reasonable to compare dif-
ferent models, if the models themselves
have not been shown to be valid? Thus,
how are models tested before they are com-
pared?
With this question a Pandora's box is
opened. As I see it, the main problems
underlying these questions are related to
deficiencies in accurate morphological
description and a lack of logical coherence
among the various steps of a study. Further
problems are created by unclear defini-
tions of concepts, such as those of "model,"
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confine my exploration of problems in
functional anatomy to those typical for
complex mechanical systems at the organ
and tissue level. Complex mechanical sys-
tems, namely systems consisting of a variety
of tissues and organs that mechanically
interact with one another, have not been
studied frequently; their study is difficult
and time consuming. The interest in com-
plex systems, however, has grown in recent
years, and I believe that one of the reasons
for this is the realization that practically all
functional units of a body are complex sys-
tems, that they have evolved as such, and
that they must be studied as integrated
wholes (e.g., Dullemeijer, 1974; Gutmann,
1977; Liem, 1980). The following expo-
sition will be organized into two main parts:
First, a critical analysis of what I perceive
to be common procedures and practices in
modern functional morphology and, sec-
ond, a proposal for an alternative approach.
COMMON PROCEDURE IN FUNCTIONAL
MORPHOLOGICAL STUDIES
An analysis of various existing and pro-
posed functional morphological studies of
complex mechanical systems points to a
sequence of methodological steps:
(1) Question: How does the system work?
(2) Morphological description, often
combined with some functional
interpretation




(4) Construction of a functional model
based on functional data (3)
(5) Formulation of a hypothesis about
the adaptive value or role of the
structural system based on the func-
tional model (4) or on the functional
interpretation (2)
(6) Testing of the adaptive hypothesis
by comparison of the structural sys-
tem among different species
The majority of functional morpholog-
ical studies performs only a few individual
steps of this full sequence and delegates the
remaining steps to later studies. Some of
the best examples of the few studies that
incorporate the complete sequence of
methodological steps are the recently pub-
lished study of Lauder and Shaffer (1985)
on the feeding mechanism of aquatic sal-
amanders and the studies by Zweers and
his associates on the feeding mechanism of
birds (Zweers et al, 1977; Zweers, 1982;
and references therein). These studies lend
themselves especially well to a critical anal-
ysis of commonly applied procedures in
functional anatomy because they are com-
plete, clearly organized, and explicit about
the methodological significance of the var-
ious steps involved. In the following dis-
cussion I will often take the liberty to quote
certain aspects of these studies out of con-
text to use them to illustrate certain points,
though 1 realize that the main goals of these
papers were not necessarily the same as
those I am advocating in this exposition.
There are good reasons why this pattern
of procedures has evolved in functional
morphology; for example, the concepts of
form, function and adaptation are closely
interconnected, and each concept must be
considered for a full understanding of a
structural system. However, certain steps
of the common procedure are considered
by some workers to be unnecessary to reach
a satisfactory comprehension of a struc-
tural system. For example, some authors
are quite candid about the fact that they
could have found the answers to their ques-
tions without gathering experimental data
i.e., without executing step 3, even though
they had gone through the complete
sequence of steps. In another example,
many recent functional morphological
papers include only most rudimentary ana-
tomical descriptions (i.e., step 2), the most
extreme examples of which consist only of
charts of measurements of the dimensions
of skeletal elements. And there are mor-
phologists (e.g., Dullemeijer and Barel,
1977) who maintain that adaptive and
comparative studies (i.e., steps 5 and 6) are
extraneous to functional morphological
studies. Thus, it is necessary to examine
the validity of what is commonly consid-
ered a proper approach to solving ques-
tions in functional anatomy of complex sys-
tems.






/icb/article/28/1/217/169484 by Louisiana State U
niversity user on 12 O
ctober 2021
MODELS AND TESTS IN MORPHOLOGY 219
dures commonly used in functional mor-
phological studies illustrates well the fact
that functional morphology is a highly
complex and integrative discipline that
combines methodologies and theories from
different disciplines, such as anatomy,
physiology, physics, evolutionary biology
and, sometimes, embryology, biochemis-
try, and ecology. I think that it is this com-
plexity that is responsible for many prob-
lems encountered in practicing functional
morphology. Thus, we need to clarify the
situation first by analyzing each method-
ological step separately.
CRITICAL ANALYSIS OF THE
COMMON PROCEDURE
Question
Functional morphological studies seem
to be inspired usually by the question "How
does the system function?" However, an
answer to this particular question is rarely
given. Studies describe rather what hap-
pens during a certain behavior, such as
breathing or drinking, or explain the adap-
tational value of particular structures. This
is especially well illustrated in the study by
Lauder and Shaffer (1985) in which the
question is explicitly stated: "How does the
feeding mechanism of aquatic salamanders
function as a biomechanical system?" (italics
mine) but is never really answered.
Morphological description
When describing the morphology of a
system, one is immediately faced with the
problem of having to select the structures
one wants to describe, because it is not fea-
sible to describe a system completely in all
its details. One also needs to make a deci-
sion at what particular level of organiza-
tion and with which degree of detail one
wants to work. For example, when describ-
ing a muscle, one has to decide whether it
is sufficient to describe only its origin and
insertion or whether it is necessary to
describe its cellular structure as well. All
these crucial decisions are usually made by
intuition, since there are no guidelines on
how to make them.
Another, though related problem plagu-
ing morphological description is its poor
record of reproducibility. It is commonly
assumed that descriptive anatomy consists
simply of looking and describing what one
sees. There are, however, many indications
for this not really being the case. For exam-
ple, descriptions of the same biomechani-
cal apparatus by different authors often do
not differ just in the amount of details
considered, but also in basic observations,
such as the structure, origin and insertion
of muscles. And these differences are only
rarely due to individual variability of
the material (Homberger, 1980; Vanden
Berge, 1982). This could be well docu-
mented for the lingual muscles of parrots
(Homberger, 1986) and chickens (Boullion
and Homberger, 1982; Homberger el al,
unpublished observations). And how many
of us practicing morphologists have often
been close to despair about our ability to
correctly identify difficult and complex
structures, such as connective tissue? And
we all know well enough how difficult it is
to teach graduate students and scientific
illustrators to see the same things we do.
Yet, this troublesome aspect of descriptive
morphology has never been discussed!
There exist no guidelines for "reality test-
ing" during the process of morphological
description or for the verification of exist-
ing descriptions.
Often, functional interpretations are
attached to the description, usually by
interpreting the functions of individual
muscles or bones from their structures {e.g.,
Lauder and Shaffer, 1985, p. 308). The
problem inherent in this type of func-
tional interpretation is that it rests mostly
on intuition. For example, certain jaw mus-
cles are often diagnosed to adduct the jaw
without the structure of the jaw articula-
tion having been described first or without
the influence of other jaw muscles having
been considered. Thus, interactions among
different structural elements cannot be
analyzed in this way, with the result that
any such mechanical model does not rep-
resent the functioning of the integral com-
plex system.
Gathering of functional data
The presently available techniques for
the gathering of functional observations of
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cated and effective state. One problem,
however, stems from the fact that these
observations are usually called "experi-
mental" (e.g., Lauder and Shaffer, 1985, p.
319). Even so, most of these observations
are not gained through manipulation or
modification of the observed system and,
therefore, cannot be called experimental,
strictly speaking. Rather, the functioning
of the system is simply observed by using
sophisticated techniques and instruments.
By emphasizing the need for "experimen-
tal" methods in functional morphology
(e.g., Liem and Wake, 1985), there is a dan-
ger of an unnecessary devaluation of the
descriptive and observational aspects
essential to a functional morphological
study.
Construction of a functional model
The construction of a functional model
is usually based on functional observations,
such as those gained through electro-
myography, strain and pressure measure-
ments, cinematography or radiography. In
order to gather these functional data on
the basis of which such a functional model
can be formulated, a very simple descrip-
tion of only the major features (e.g., loca-
tion, shape) of the muscles and bones of
the system is sufficient. In this way, the
functional model is correlated only to the
structural aspects of the muscular and bony
elements. But because these functional
observations do not cover the extra-skele-
tomuscular biomechanical elements of a
complex system, such as joints, ligaments,
fasciae and hydraulic structures (synovial
bursae, salivary glands, fat pads, cavernous
vascular tissues), there is no direct connec-
tion between such a functional model and
the integrated structure of the complex
mechanical system. This means that such
a functional model does not explain the
function of all the mechanically active tis-
sues in a complex system, nor does it explain
how the various tissues in a mechanical sys-
tem interact with one another.
Another problem inherent in this
approach of model construction stems from
the fact that these functional models only
correlate the movements of a system with
particular muscle contractions (e.g., Zweers
etal, 1977; Lauder and Shaffer, 1985). On
the basis of such models one can conclude
that particular motions are effected by
coordinated contractions of a certain set of
muscles, but the specific contributions of
the individual muscles to the mechanics of
the movements are not assessed with such
models.
A further difficulty is that these models
are constructed and valid only for the par-
ticular behaviors or sets of movements (e.g.,
feeding, jumping) from which the func-
tional data used for the model construction
were gathered. In these situations, muscles
may contract not only to move skeletal ele-
ments but also to counteract external forces
acting on the system. For example, it has
been shown that during loaded movements
(or movements against resistance) certain
muscles may be activated that do not con-
tract during the same, but unloaded, move-
ments (e.g., Basmajian 1979, p. 205). Thus,
contraction patterns of muscles during
normal behaviors, which usually involve
loaded or fast movements, may exhibit syn-
chronous activations of antagonistically
acting muscles, whereas this is not the case
for slow and unloaded movements under
controlled conditions (see below). This
means that functional models constructed
on the basis of muscle activation patterns
gathered during actual behaviors may not
be representative of the functioning of the
system (e.g., which muscles are responsible
for the protraction of the tongue) but
rather for particular interactions of the sys-
tem with the environment (e.g., which mus-
cles are responsible for the tongue being
able to hold a seed against the palate dur-
ing seed-husking in parrots).
Finally, no supporting hypotheses or
predictions are needed to complete func-
tional models formulated on the basis of
functional data. Hence, these functional
models do not answer the question about
the mechanical functioning of integral
complex systems and, worse, provide no
predictive hypotheses through which the
models could be tested independently.
Some authors (e.g., Zweers 1982, p. 88/.)
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untestability by making the functional
models predictive. With this approach, as
with the usual approach, the morphology
of the system is first described, then a func-
tional model is formulated on the basis of
functional data. This model, however, pos-
tulates the presence of additional struc-
tures that are necessary for the proper
functioning of the system according to the
model. The actual presence or lack of those
postulated structures is then supposed to
test the validity of the model. Although
this approach maintains the testability of
the model, it comes dangerously close to
being circular. Even if certain structures,
such as salivary glands in this particular
example, were not included in the basic
description of the morphology, they never-
theless are likely to have been noticed dur-
ing the anatomical dissection. It may be
extremely difficult to ensure that such inci-
dental knowledge does not become an intu-
itive part of the background knowledge
used in formulating a functional model.
Formulation of a hypothesis on the adaptive
value or role of the structure
The main problems associated with the
formulation of a hypothesis that interprets
the adaptive value or functional role of a
structural complex and that is based on a
functional model are extensions of the
problems inherent in the step of model
construction. It comes as no surprise that
the morphologists who strive to keep their
functional models directly testable do not
feel the need for concepts and methodol-
ogies taken from evolutionary biology for
their studies. Those morphologists, how-
ever, who arrive at models that do not pro-
duce testable hypotheses, do feel the need
for generating additional predictive
hypotheses that can be tested in order to
evaluate the model. Such additional
hypotheses are usually formulated in adap-
tive terms or as interpretations of the func-
tional role of a structure {e.g., Lauder and
Shaffer, 1985, pp. 298, 32 L#). Because I
want to concentrate my exposition on mod-
eling and testing, I will not explore the
problem areas peculiar to these types of
hypothesis formation, especially since these
have been discussed elsewhere (e.g., Bock,
1980).
Testing of the hypotheses through
comparison among species
The testing of hypotheses about the
adaptive value of structural and functional
characters by the comparative method (e.g.,
Lombard and Wake, 1977; Lauder and
Shaffer, 1985, pp. 298, 323#) uses con-
cepts and methods of evolutionary biology.
These have been discussed elsewhere (e.g.,
Bock, 1977, 1979, 1980) and need not be
discussed here.
Concluding remarks about the
common procedures
The main problems with the common
procedures can be summarized as follows:
(a) lack of guidelines for the selection of
structures to be described; (b) lack of
guidelines for choosing the proper level of
accuracy of morphological descriptions; (c)
lack of logical connections between the
question and the morphological descrip-
tion, between the morphological descrip-
tion and the functional model, and between
the morphological description and the test
of the functional model.
After this critical analysis it is necessary
to emphasize that, in order to perform a
functional morphological study, one does
not need to follow the exact sequence of
the methodological steps as presented here
or even to complete the entire sequence
before publication of a research paper. On
the one side, the majority of functional
anatomical studies published today com-
prise only a few of the necessary steps of
the entire procedure in various combina-
tions. For example, testing of a functional
model is usually deferred to a later study.
Such studies can be regarded as being on
their way to completion. On the other side,
the actual sequence in which the various
steps are performed is irrelevant to the out-
come of the study, provided the individual
steps are eventually logically linked
together. That this is actually being prac-
ticed can be documented by most pub-
lished articles which describe the individ-
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not necessarily in the sequence in which
they were performed.
In the following section I will explore
certain possibilities on how to eschew some
of the problems discussed above.
ALTERNATIVE PROCEDURE
I am suggesting to modify the commonly
accepted procedure for functional anatom-
ical studies of complex systems in the fol-
lowing way:
(1) Question: How does the system work?
(2) Description of the morphology
(3) Construction of a structural model
based on (2)
(4) Construction of a functional model
based on (3)
(5) Testing of the functional model by
comparing its predictions with inde-
pendent functional observations
This alternative procedure does not ask
for new techniques to be used in functional
anatomy. But it does call for greater sci-
entific rigor in the description of struc-
tures, for greater use of available physio-
logical and physical data, and for a
reorganization of functional morphologi-
cal data so that they can be properly used
in the formulation of models and tests. The
suggested procedure also shows how a
functional model can be tested without
having to resort to methods of evolution-
ary biology.
CRITICAL ANALYSIS OF THE
SUGGESTED ALTERNATIVE PROCEDURE
Question
A functional anatomical study usually
gets inspired by a question about the func-
tion of an apparatus, not about its struc-
ture. The initial question may be about
proximal reasons: "How does it work?"; or
about ultimate reasons: "How come this is
done differently by different animals?"
Even so, the question that precedes the
actual study must be more precise because
it dictates what particular steps must be
taken and in which combination to provide
an appropriate answer. If, because of time
limitation or personal taste, the study will
incorporate only a few steps of the entire
procedure necessary for a complete study,
the question must be formulated in such a
way as to reflect this limitation. Otherwise,
the final answer will not relate to the ques-
tion.
For example, if the question is, "What
is the structure of the system?," the appro-
priate answer is provided by an anatomical
description. If the question is, "Which
muscles contract during particular move-
ments?," the answer can be provided by
electrophysiological and cinematographic
methods. If the question is "How does the
system work?," the answer can only be pro-
vided by performing all steps leading at
least to a functional model. The question
"How well does the system work?" will
require the additional steps of model test-
ing and formulation of an adaptive hypoth-
esis. Finally, the question "How did the
system evolve?" requires a broad compar-
ative study to provide the answer.
Morphological description
The validity of the morphological
description of a system depends (a) on the
proper selection of the structural charac-
ters and (b) on descriptive accuracy.
(a) The selection of structural characters
must be based on functional consider-
ations. Since we are ultimately interested
in understanding the functioning of an
integral mechanical system, we must take
into consideration all elements that affect
the mechanical functioning of the system.
The theoretical background for this
rather exalted sounding requirement is that
all structures have functions in the sense
of Bock and von Wahlert (1965), though
these functions may not necessarily be
mechanically relevant for the system under
analysis. An example for structures that
are not mechanically active is provided by
nerves, which, however, is not to say that
the macrostructure of nerves may not be
dictated by mechanical constraints (e.g.,
Gutmann and Bonik, 1981; Wake et ai,
1983). One also needs to keep in mind that
even so-called "non-functional" elements
may be mechanically relevant for the sys-
tem, namely by being there in support of
other structures (Davis, 1966; Dullemeijer,
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whether a particular structure is mechan-
ically relevant or not. The only way one
can make such a decision is to look at the
entire system and at the interactions among
its elements.
Thus, it is not sufficient to look only at
the bones and muscles of a complex system.
Ligaments hold the bones together and may
significantly limit their freedom of move-
ment; the structure of articulations deter-
mines the direction of skeletal movements;
cavernous vascular tissues may modify the
action of muscles; hydraulic structures, such
as synovial bursae and salivary glands, may
act as force transmitters; fasciae and liga-
ments may serve as mechanical links, etc.
To be able to find an answer as to whether
or not a particular structure does indeed
have a mechanical role, it is important to
know how this structure interacts with
other structures, which brings us to the
second problem inherent in morphological
description.
(b) The great neglected question in func-
tional anatomy is "How can we make sure
that what we see and describe is correct,
i.e., represents reality?"
In science, especially in experimental
science, one test for the accuracy of ob-
servations is their reproducibility or re-
peatability by independent observers. In
morphology only the observations in
human anatomy, and to some extent in vet-
erinary anatomy, may be said to have been
tested in this way. Most observations in ver-
tebrate anatomy, which form the basis of
functional anatomy, however, have not yet
been sufficiently tested in this way. This
may be due to the fact that in functional
vertebrate anatomy fewer scientists are
studying a greater number of scientific
problems than in human and veterinary
anatomy.
Another approach that permits the ver-
ification of the accuracy of structural
observations is to make the observations
within an appropriate theoretical frame-
work. Such a theoretical framework is pro-
vided by the knowledge of the fact that
biomechanical systems do function—
organisms with a faulty biomechanical sys-
tem, e.g., a jaw apparatus that cannot be
closed, are unlikely to survive. Therefore,
every described structure can be verified
by the question: "Can the structure, as it
is described, function within the system and
interact with the surrounding elements?"
The answer to this question must be
based on the available background knowl-
edge about the physiological and physical
properties of the tissues. For example, we
know that the shortening of a muscle or
the production of muscle tension occurs in
a direction parallel to the muscle fibers.
Thus, we can ask whether a muscle with a
particular observed muscle fiber direction
can function properly, such as moving the
skeletal elements to which it is attached.
Or we know that a muscle must be able to
shorten or to generate tension in order to
be and remain functional. Thus, muscle
attachments must be positioned in such a
way as to permit these muscle actions; this
means, the muscle must pass over at least
one joint or bending zone, unless it func-
tions as a hydraulic skeleton. Or we know
that muscles can only contract but not
elongate actively. Thus, every described
muscle must have at least one antagonist
such as another muscle or an elastic struc-
ture. More examples can be found in Bock
(1974), Dullemeijer (1974), Wainwright et
al. (1982), Alexander (1983) and Homber-
ger (1986). By always relating a structure
to its functional aspects, it is possible to
avoid many mistakes in morphological
descriptions.
Construction of a structural model
Before we can discuss the construction
of a structural model, it is necessary to
define the meaning of the word "model"
as it will be used here, because this word
has been used in a variety of contexts
{e.g., Beament, 1960; Brown, 1960; Har-
ris, 1960; Kacser, 1960; Williams, 1960;
Zweers, 1982).
A model is an abstraction of a real sit-
uation and describes only the essential
aspects of this situation (Gutmann, 1981).
A model permits the isolation of the rele-
vant elements of a complex system from
variables and elements that are not rele-
vant for the question to be answered. In
most current functional morphological
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Honing of a mechanical system. However,
since functional morphology is the science
of correlating the structure and function
of a system, and since both the structure
and the function of a complex system are
complicated and need to be abstracted to
some degree to facilitate comprehension,
it is useful to introduce the term of a struc-
tural model as opposed to that of a func-
tional model.
A structural model is a static represen-
tation of the essential structural character-
istics of the functionally relevant elements
of a complex mechanical system and is
devoid of any reference to the functional
aspects of the structural elements. It can
be represented in various ways. It can be
graphical, consisting of a system of levers
with acting and reacting forces of muscles
and ligaments in equilibrium; it can be
graphic, verbal, mathematical or analo-
gous (Brown, 1960). The best represen-
tation is probably a judicious combination
of all these.
A structural model of a complex
mechanical system emerges already during
the verification process of the morpholog-
ical description. Through this process, the
functionally relevant elements are already
selected out, but a further condensation to
essential characters is usually possible and
necessary to build a structural model.
Why is there a need for the construction
of a structural model? First, the real struc-
ture of a complex system is often far too
complicated to be understood. A complete
description of a real mechanical system in
all its details would produce a replica so
complex as to make it impossible to extract
those parts of the system that are relevant
for its mechanical functioning (see also
Beament, 1960; Gutmann, 1981). Second,
even in the mechanically functioning ele-
ments not all details are relevant for the
proper functioning of a complex system.
For example, crests and depressions on the
surface of a bone may indicate the partic-
ular location of muscle attachments and
will usually be included in the morpholog-
ical description. However, they do not
affect the functioning of the system itself
(though they may affect the nature of the
muscle attachments) and can be deleted
from a structural model.
With a structural model of a complex
system one has the necessary basis for pro-
ceeding to the construction of a functional
model.
Construction of a functional model
The advantage of constructing a func-
tional model on the basis of a structural
model and, thus, on the basis of the mor-
phological description is that it establishes
a logical connection between the morpho-
logical and functional parts of a functional
morphological study.
A functional model is essentially the
dynamic version of a structural model. For
a mechanical system, a functional model
can be represented by a lever system with
acting and reacting forces of muscles and
ligaments as in a structural model but with
additional arrows to indicate the move-
ments of the particular elements of the
lever system (e.g., Homberger, 1986). Like
a structural model, it can be graphic, ver-
bal, mathematical, analogous, or a combi-
nation of all of these.
But before going into the details of the
actual construction of a functional model
from a structural model, it is necessary to
have a brief look at the organization of a
complex system. A complex biological sys-
tem is a hierarchically organized structure
comprising several levels of increasing
complexity. Cells combine into tissues, tis-
sues combine into organs, organs associate
with other organs or tissues to form so-
called subsystems, and these subsystems
may combine to form integrated, highly
complex systems that constitute the organ-
ism. For example, mucous cells combine
into a glandular tissue, which combines with
connective tissue to salivary glands. In
birds, salivary glands associate with skeletal
elements, muscles, ligaments, cavernous
tissues, synovial bursae and epithelial struc-
tures to form the lingual apparatus. The
tongue is combined with the jaw and larynx
to form the feeding apparatus. This appa-
ratus, together with the locomotory, diges-
tive and circulatory systems—among other
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ism, such as a bird. Accordingly, it is pos-
sible to construct structural models that
are appropriate for each level of structural
complexity. And at each level these struc-
tural models can readily be transformed
into functional models by using appropri-
ate physiological, physical and biomechan-
ical background information on the prop-
erties of the cells and tissues constituting
the system. When constructing a func-
tional model of a highly complex system,
one has to start by modeling the function-
ing of the subsystems that compose an inte-
grated, highly complex system, because the
subsystems are at a lower level of structural
complexity than the integrated system. For
example, when formulating a functional
model of the hindlimb of a mammal, one
has to start by modeling the functioning of
the hip, then of the knee, etc. In this way,
one obtains first individual components of
the functional model of an integrated com-
plex system. These components can be
called functional "submodels" (Homber-
ger, 1986). The appropriate structural unit
to work with to formulate a functional sub-
model is what I will call a "movable unit."
A movable unit consists of an axis of move-
ment, such as a joint or a bending zone,
and of all elements that cause or influence
movements about this axis, such as mus-
cles, articular and linkage ligaments, and
fasciae as well as the skeletal elements
forming the axis. Theoretically, an almost
unlimited number of movements could be
imagined for such a movable unit, depend-
ing on the number of combinations pos-
sible for simultaneously acting structural
elements. In order to construct a func-
tional submodel, boundary conditions are
needed to limit the number of movements
to those actually occurring in this movable
unit. Such boundary conditions are set by
the physiological and physical properties
of the tissues and by the biomechanical
principles that control the interactions
among tissues. For example, articulations
are rarely truly universal joints; their free-
dom of movement is limited by the mold-
ing of the articular facets and by the artic-
ular ligaments, among other things. And
muscles acting antagonistically on one par-
ticular joint do not contract simultaneously
during slow, unloaded movements at this
joint (for details, see Basmajian, 1979,
1980; McMahon, 1984; Homberger, 1986).
After the first step of functional sub-
model construction, the various submodels
must be combined to form an integrated
functional model of the entire system. We
know that the various subsystems of a
complex mechanical system cooperate in
producing the movements of the integral
system itself. Likewise, the functional
submodels must be compatible and must
avail themselves to be coordinated and
combined into an integrated functional
model. Theoretically, such a coordination
of all the possible movements of all the
movable units of a system would leave us
with an incredible number of possible com-
binations of movements. What we need
here are boundary conditions that allow us
to limit the number of combinations of
movements that have to be modeled. Again,
biomechanical principles that control the
interactions among the elements of a com-
plex system can provide us with such
boundary conditions.
Most biomechanical principles, how-
ever, are valid only under certain condi-
tions. For example, the biomechanical
principle that antagonistic muscles do not
contract simultaneously (principle of recip-
rocal inhibition) is valid only for slow,
unloaded movements (Basmajian, 1979,
1980; McMahon, 1984; Homberger, 1986).
Thus, if biomechanical principles are used
for the integration of submodels into an
integral functional model, the conditions
under which the model is valid must be
clearly spelled out.
One biomechanical principle that has
proved useful for the integration process
of submodels is derived from the fact that
a complex mechanical system does not
comprise only one-joint muscles that influ-
ence the individual movable units, but also
multiple-joint muscles that extend over at
least two articulations and act as mechan-
ical links among the movable units of a
complex system (Homberger, 1986). As a
corollary to the principle of reciprocal
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muscles can be predicted not to contract
when they are elongated during slow,
unloaded movements. This means that
although two-joint and multiple-joint mus-
cles can contract during a variety of move-
ments at the joints they cross ("paradoxical
effect" of Molbech, 1966), they do not con-
tract during movements that increase the
distance between their origins and inser-
tions, provided that these movements are
slow and unloaded (for details, see Hom-
berger, 1986). (During locomotion, for
which the limb movements are loaded, cer-
tain multiple-joint limb muscles do con-
tract when they are elongated, see Tucker,
1975.) Thus, the number of muscles that
contract simultaneously during particular
movements can be contained by applying
this biomechanical principle.
The process of submodel integration can
be demonstrated with the help of an exam-
ple: The human leg is a complex mechan-
ical system that consists of several skeletal
elements, articulations, ligaments, fasciae,
and one-joint and multiple-joint muscles.
For purposes of discussion, the present
example will be extremely simplified and
limited to the integration of flexion and
extension movements at the hip and knee
joints and to major muscles regulating these
movements. In this example, adapted from
Basmajian's book (1979, pp. 162-163), the
femur is kept fixed with the allowance for
flexion and extension of the hip and knee
joints. The knee is not only affected by one-
joint muscles, such as the vastus medialis,
intermedius and lateralis of the quadri-
ceps, but also by two-joint muscles passing
over the hip joint, such as the rectus
femoris. Different movements at the hip
joint will affect this two-joint muscle dif-
ferently. This means that the movements
at the knee must be modeled for varying
positions and movements at the hip joint
or, in other words, the submodels of both
movable units represented by the knee and
hip joints must be coordinated and inte-
grated.
By using the biomechanical principle
mentioned above, one can predict that the
bi-articular rectus femoris will contract only
under certain conditions. For example, if
the hip is flexed and the knee simulta-
neously extended, the distance between
origin and insertion of the rectus femoris
is reduced, and the rectus femoris can be
predicted to contract, probably more or
less isotonically. If the hip is extended and
the knee simultaneously flexed, the dis-
tance between the origin and insertion of
the rectus femoris is increased, and the rec-
tus femoris can be predicted not to be acti-
vated because it is elongated. Even if the
hip and knee are flexed simultaneously, the
distance between the origin and insertion
of the rectus femoris is increased to a cer-
tain degree because of the greater excur-
sion of the knee joint, and the rectus
femoris can be predicted not to be acti-
vated. Thus, a functional model of the leg
predicts that during certain slow, unloaded
movements the rectus femoris will not (or
will) be activated. Such a prediction can be
tested.
Testing of the functional model
Testing of the functional model is now
possible because the model makes predic-
tions of a functional nature. Predictions,
such as the synchronization pattern of mus-
cle contractions, can now be compared with
independent functional or experimental
observations and, thus, make the func-
tional model testable.
There are three types of tests suitable
for testing a functional model: (a) indepen-
dent functional observations, (b) experi-
mental observations, and (c) natural exper-
iments.
(a) Independent functional observations.
Functional observations may provide the
most elegant tests of a functional system.
For example, the results from electro-
myography, possibly in connection with
cinematography, radiography and strain or
pressure measurements, are excellent tests
of a model's predicted synchronization pat-
tern of muscle contractions. To use the
previous example adapted from Basmajian
(1979, pp. 162-163), electromyography of
the rectus femoris during various combi-
nations of the hip and knee joint support
the predictions made on the basis of bio-
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example, histochemical fiber typing can be
used to test a model's predictions about
contractile properties of muscles, such as
depending on whether the muscles are pre-
dicted to control rapid movements or long-
term positional adjustments.
In using this type of test, one must be
mindful of the fact that functional obser-
vations used for testing the model must not
have been used as background information
for the construction of the model in order
to avoid a circular argument. Although the
given background information about the
physiological or physical properties of the
tissues and about biomechanical principles
may often need further testing, such test-
ing would not test the model itself.
(b) Experimental observations. The exper-
imental approach to testing predictions of
a functional model is to compare them with
functional observations gathered from the
modified or manipulated complex system.
This approach is best demonstrated with
the help of examples.
Zweers (1982, p. 84) wanted to test a
model of the drinking process in the pigeon,
which involves suction of water through
the esophagus. This particular model pre-
dicted that if a connection between the
esophagus and the exterior were estab-
lished, the pigeon would not be able to
drink through esophageal suction because
no negative pressure could be established
within the esophagus. Zweers inserted a
fistula in the esophagus of the pigeon,
whereupon the pigeon was still able to
drink. Thus, the hypothesis that pigeons
drink with the help of esophageal suction
could be rejected.
Lombard and Wake (1976, p. 283) for-
mulated a functional model of the tongue
of salamanders. The model showed that
one particular muscle (rectus cervicis pro-
fundus) is responsible for the retraction of
the tongue. The model's prediction was
that the elimination of this muscle would
make it impossible for the tongue to be
retracted. Lombard and Wake cut the mus-
cle, whereupon the salamander's tongue
could not be retracted any longer, and the
model's prediction was confirmed.
There are no limits to the number of
experimental tests that can be designed to
test the predictions of functional models.
Experimental tests, unlike the tests based
on independent functional observations,
are not restricted to a few techniques and
can be tailored to the specific problems
posed by the model.
However, experimental approaches
prove to be especially useful to test clearly
delimited predictions of simple models.
Though still useful, they become more
problematical for complex systems and
their models. A complex system is a highly
integrated whole, and manipulation of
some particular element may in fact affect
many other elements, and even the entire
system, in unanticipated and uncontrolla-
ble ways.
(c) Natural experiment. Another source of
observations that can be used to test func-
tional models has been rather neglected by
functional morphologists, namely individ-
ual variation of the morphology. Individ-
ual variation can not only affect the size
and shape, but also the presence or absence
of structural elements. These individual
variants, if encountered in fully developed
specimens, are usually fully functional. A
corroborated functional model of a com-
plex mechanical system must, therefore,
permit the incorporation of naturally
occurring individual variations of the
structural elements while remaining
"operational."
CONCLUSIONS
In concluding this exposition, I would
like to make three main recommendations.
(1) Functional morphology is in need of
a greater balance between its morpholog-
ical and its functional aspects. This means,
functional morphologists must pay greater
attention to the description of the struc-
ture of a morphological system.
(2) Functional morphologists must make
more use of the available information on
physiological and physical properties of the
tissues and on biomechanical principles
operating in biomechanical systems.
(3) Functional morphologists must be
more aware of the theoretical basis of the
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in their highly complex and integrative dis-
cipline.
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